Germinal matrix (GM) hemorrhage (GMH) is a major cause of mortality and of life-long morbidity from cerebral palsy. GMH is typically preceded by hypoxic/ischemic events and is believed to arise from rupture of weakened veins in the GM. In the CNS, hypoxia/ischemia up-regulate sulfonylurea receptor 1 (SUR1)-regulated NC Ca-ATP channels in microvascular endothelium, with channel activation by depletion of ATP being responsible for progressive secondary hemorrhage. We hypothesized that this channel might be up-regulated in the GM of preterm infants at risk for GMH. Here, we studied expression of the regulatory subunit of the channel, SUR1, and its transcriptional antecedent, hypoxia inducible factor 1 (HIF1), in postmortem tissues of premature infants who either were at risk for or who sustained GMH. We found regionally specific up-regulation of HIF1 and of SUR1 protein and mRNA in GM tissues, compared with remote cortical tissues. Up-regulation was prominent in most progenitor cells, whereas in veins, SUR1 was found predominantly in infants who had sustained GMH compared with those without hemorrhage. Our data suggest that the SUR1-regulated NC Ca-ATP channel may be associated with GMH, and that pharmacological block of these channels could potentially reduce the incidence of this devastating complication of prematurity. T he neuropathology underlying cerebral palsy includes white matter injury, such as periventricular leukomalacia and germinal matrix (GM) hemorrhage (GMH) (1,2). Each has distinctive features, but both share important risk factors, including prematurity and hypoxia/ischemia, which may occur prenatally or may be due to postnatal ventilatory difficulties that are complicated by mild-to-moderate hypotension (1, 3, 4) .
T he neuropathology underlying cerebral palsy includes white matter injury, such as periventricular leukomalacia and germinal matrix (GM) hemorrhage (GMH) (1, 2) . Each has distinctive features, but both share important risk factors, including prematurity and hypoxia/ischemia, which may occur prenatally or may be due to postnatal ventilatory difficulties that are complicated by mild-to-moderate hypotension (1, 3, 4) .
GMH is a common complication of prematurity, occurring in 15-45% of premature infants (3) . GMH may range in severity from subependymal hemorrhage (grade 1) to intraventricular hemorrhage without (grade 2) or with (grade 3) ventricular dilatation, to periventricular venous infarction (grade 4). In survivors, neurologic sequelae, particularly with higher grade GMH, include cerebral palsy, hydrocephalus requiring ventricular shunting, learning disabilities, and seizures (5, 6) . Numerous factors are believed to contribute to GMH, including innate weakness of GM veins, autoregulatory dysfunction, hypoxic/ischemic tissue damage, damage due to postischemic reperfusion and increased venous pressure (4, (7) (8) (9) (10) (11) . The incidence of GMH increases with the degree of prematurity (3) , suggesting that advances in perinatal care that yield concomitant increases in the number of extremely premature infants will continue to be hampered by complications of GMH. At present, no effective prevention is available.
Hypoxia/ischemia in rodent and human CNS, both in utero (12) and in adults (13, 14) , results in up-regulation of sulfonylurea receptor 1 (SUR1). Under pathologic conditions, SUR1 up-regulation is associated with formation of SUR1-regulated NC Ca-ATP channels, not K ATP channels (13) (14) (15) . Expression of SUR1-regulated NC Ca-ATP channels in capillary endothelium has been causally implicated in progressive secondary hemorrhage in CNS, with block of these channels by infusion of low-dose (nonhypoglycemogenic) glibenclamide (glyburide) completely preventing secondary hemorrhage (15) . Here, we postulated that this channel might be induced in the GM by hypoxia/ischemia, and thereby predispose to GMH. As an initial attempt to assess this hypothesis, we studied expression of the regulatory subunit of the channel, SUR1, and its transcriptional antecedent, hypoxia inducible factor 1 (HIF1) (Bhatta S, Simard JM, unpublished data), in postmortem tissues of premature infants who either were at risk for or who sustained GMH. We report findings consistent with the hypothesis that the SUR1-regulated NC Ca-ATP channel may be causally linked to GMH.
METHODS
Specimens from premature infants without and with clinically diagnosed GMH were obtained from the Brain and Tissue Bank for Developmental Disorders, University of Maryland, Baltimore, with the collection protocol, including informed consent, reviewed and approved by the Institutional Review Board of the University of Maryland at Baltimore. The postmortem interval was 3-24 h. Cases were selected for study based either on: (i) the documented presence of GMH/intraventricular hemorrhage at autopsy or (ii) documented absence of GMH (used as "best-available" controls). Independent histologic validation of presence or absence of GMH was made in all cases (Table 1) . In all but one case, the cause of prematurity was preterm rupture of membranes, with some cases also documenting chorioamnionitis by pathologic examination of the placenta, and one case (without GMH) being induced for cardiac anomaly. The cause of death was extreme prematurity in all but two cases, with the others being listed as amniotic fluid aspiration syndrome or elective termination.
GM tissues and associated hemorrhages, when present, were dissected from coronal slices of formalin-fixed cerebral hemispheres. Cryosections and paraffin-embedded sections were prepared. Sections were stained with hematoxylin and eosin (H&E) or were immunolabeled using primary antibodies directed against SUR1 (C-16; Santa Cruz Biotechnology Inc.; diluted 1:200; 1 h at room temperature, 48 h at 4°C), or HIF-1␣ (SC-10790; Santa Cruz; 1:100), or von Willebrand factor (F-3520; Sigma Chemical Co.; 1:200). CY-3 or FITC conjugated secondary antibodies (Jackson Immunoresearch, West Grove, PA) were used. Slides were cover slipped with ProLong Gold antifade reagent containing 4Ј,6-diamino-2-phenylindole (DAPI) for nuclear staining (P36935, Invitrogen, Carlsbad, CA). For in situ hybridization, digoxigeninlabeled probes (antisense, 5Ј-TGCAGGGGTCAGGGTCAGGGcGCTGTCG-GTCCACTTGGCCAGCCAGTA-3Ј), designed to hybridize to nucleotides 3217-3264 located within coding sequence of human Abcc8 gene (NM 00352), were supplied by GeneDetect (Brandenton, FL). Hybridization was performed according to the manufacturer's protocol, as previously described (13) .
RESULTS
The GM appeared as a dense collection of small cells located peri-ventricularly (Fig. 1A) . In some cases, evidence of a parenchymal hemorrhage was found (Fig. 1A, arrow) .
In situ hybridization for mRNA for Abcc8, which encodes SUR1, showed regionally specific up-regulation in the GM ( Fig. 1B and E) that was noticeably more prominent than in surrounding tissues or in remote cortical tissues (Fig. 1D ). Immunolabeling confirmed regionally specific up-regulation of SUR1 protein in the GM (Fig. 1C) , with SUR1 protein located in neural progenitor cells in all GM specimens examined (Fig. 1G ). SUR1 protein was also identified in veins from infants with GMH ( Fig. 1H and I ), but was less likely to be found in veins from infants without GMH (Fig. 1J ). Negative controls, including omission of primary antibody and use of a blocking peptide, showed no immunolabeling for SUR1 (not shown).
An important molecular antecedent of SUR1 is the transcription factor, HIF1 (Bhatta S, Simard JM, unpublished data), which is up-regulated by hypoxia (16), a common condition associated with prematurity. Immunolabeling for HIF1␣ showed that this ubiquitous marker of hypoxia was prominently up-regulated, with characteristic nuclear localization, in all GM specimens examined ( Fig. 1K-M ).
We performed a semiquantitative assessment of HIF1␣ and SUR1 expression in specimens from 12 premature infants, some of whom had either clinical or histologic evidence of GMH (Table 1 ). All specimens showed HIF1␣ expression, with all but one showing more prominent expression in progenitor cells than in remote neurons in the same tissue sections, supporting the hypothesis that physiologically meaningful hypoxia was present in the GM of all of these cases. The most prominent expression of HIF1␣ was found in specimens from infants with frank GMH. All specimens showed SUR1 expression in progenitor cells. In three specimens, SUR1 was identified only in scattered cells, whereas in most specimens, SUR1 expression was evident in contiguous sheets of cells or in some cases, in nearly all cells. The clearest distinction in SUR1 expression vis-à-vis GMH was in the veins of the GM. In specimens without GMH, the veins typically exhibited little to moderate SUR1 expression, as in Fig. 1J , whereas in all specimens with frank GMH, all or nearly all veins exhibited strong SUR1 expression, as in Fig. 1H and I.
DISCUSSION
We provide evidence that expression of SUR1 is increased in neural progenitor cells and in vascular endothelium of the GM of premature infants who either are at risk for or who sustained GMH. Immunohistochemical analysis of postmortem tissues can sometimes be complicated by nonspecific binding of antibodies, especially if necrosis is present. How- 
* Clinical information was available only on "intraventricular hemorrhage" without differentiating further into grade, hence the designation, grade 2/3; some discrepancies in clinical vs. histological evaluation of hemorrhage may be due to histological evaluation of the GM contralateral to the side of hemorrhage, which available data were insufficient to resolve.
† Scale for HIF1 immunolabeling in progenitor cells within the GM: ϩ, present in most cells, similar in intensity to some distant neurons; ϩϩ, present in most cells, somewhat more intense than in neurons; ϩϩϩ, present in most cells, definitely more intense than in neurons; ϩϩϩϩ, present in all cells, more intense than in neurons; ϩϩϩϩϩ, present in all cells, many with very intense labeling.
‡ Scale for SUR1 immunolabeling in progenitor cells within the GM: ϩ, present in few single cells; ϩϩ, present in a moderate number of scattered cells; ϩϩϩ, present in patches or groups of cells; ϩϩϩϩ present in most cells.
§ Scale for SUR1 immunolabeling in veins within the GM: 0, none; ϩ, in 1-2 veins; ϩϩ, in a few veins; ϩϩϩ, in many veins; ϩϩϩϩ, in nearly all veins.
ever, the specimens we studied showed intact cellular structures with H&E staining, as well as regionally-specific immunolabeling of cellular and vascular structures for SUR1 in the GM. Most importantly, we used in situ hybridization to confirm that SUR1 was up-regulated at the mRNA level. Together, the two independent techniques using molecularly distinct probes provide important corroborative evidence that SUR1 was up-regulated in GM tissues of premature infants. Additional work will be required to demonstrate concomitant up-regulation of the pore-forming subunit of the channel (14) . Pathophysiology. The pathophysiological antecedents of GMH have been extensively discussed, but no fully encompassing theory has been put forth to explain it. Considerable attention has been focused on the structural weakness of GM microvessels (8, 9) . However, it is evident that any innate weakness of these vessels, by itself, would be insufficient to cause GMH, since the same weakness exists during every gestation, and most gestations are not complicated by GMH. Thus, an event must transpire to weaken these vessels further and increase the likelihood of their structural failure. In the premature brain, the GM is at the terminal end of its afferent arteriolar supply ("ventriculopetal" vascular pattern) (17) and, therefore, GM tissues and the vessels contained therein are highly susceptible to global hypoxic/ischemic events. Apart from hypoxia due to ventilatory abnormalities, one or more hypotensive episodes may contribute to the overall hypoxic/ischemic burden that adversely affects GM tissues. In addition, it is likely that yet another hemodynamic stress must be applied to structurally compromised vessels to cause an actual GMH. Because GMH most frequently arises from veins (7, 11) , it is thought that episodes of increased venous pressure, as can occur with mechanical ventilation or airway suctioning, may be important for triggering the actual structural failure of weakened vessels that results in GMH. Despite the important role of hypoxia/ischemia in producing vascular changes that predispose to GMH, there is little experimental evidence to elucidate the molecular mechanism involved, either in animal models or in humans. To our knowledge, ours is the first report to show that the transcription factor, HIF1, is up-regulated in the GM of infants at risk. In many organs including the CNS, hypoxia results in activation of HIF1, which in turn stimulates the transcription of genes that are essential for adaptation to hypoxia/ischemia, including genes important for erythropoiesis, glycolysis and angiogenesis (16) . HIF1 plays a critical role in expression of the angiogenic factor, vascular endothelial growth factor, which is prominently up-regulated in the GM of infants at risk (18) . Conversely, HIF1 also causes transcription of genes with seemingly maladaptive effects (19) and, in some settings, may promote ischemia-induced neuronal death (20) . HIF1 has not been extensively studied in the premature infant brain, and a role for HIF1 has not previously been suggested in the context of GMH. However, the localization of HIF1 with two of its important transcriptional targets, vascular endothelial growth factor (18) and SUR1, in the GM of infants at risk reaffirms the importance of this molecular response to hypoxia.
Events in the GM. Mild hypoxia activates quiescent neural progenitor cells, resulting in their activation and differentiation into neurons and glia, whereas severe hypoxia induces apoptotic death in developing brain neurons , showing densely packed neural progenitor cells of the GM, with an arrow pointing to a small intraparenchymal hematoma, or labeled for mRNA for Abcc8, which encodes SUR1, using in situ hybridization (B), or immunolabeled for SUR1 (C); the latter two demonstrate regionally-specific labeling for SUR1 mRNA and protein in the GM; the montage in (C) shows positive immunolabeling in black pseudocolor; case #9 in Table 1 : premature infant of 22 wk gestation who lived ϳ12 h and was hypoxic before death, necessitating intubation and mechanical ventilation; postmortem interval, 3 h. D-F, Micrographs of cortical tissues (D) or GM tissues (E, F) processed for in situ hybridization for mRNA for Abcc8, using antisense probe (D, E) or sense probe (F). G-J, Micrographs of GM tissues immunolabeled for SUR1 (red, CY3 for SUR1, and blue, DAPI for nuclei), and double-labeled for von Willebrand factor (green; panels I and J only); co-labeling is indicated by yellow color; SUR1 was identified in neural progenitor cells (G), and in thin-walled veins from infants with GMH (panel H, red and panel I, yellow) but not in an infant without GMH (panel J, green); panels H-J are from cases #11, 10, 1 in Table  1, (21). Thus, mild-to-moderate hypoxia, resulting from the position of the GM as the distant-most tissue fed by a ventriculopetal blood supply (17) , may be involved not only in stimulating neurogenesis from GM progenitor cells, but also in the normal involution of the GM (Fig. 2) . HIF1, the ubiquitous sensor of hypoxia, may be a key molecular participant in both. Notably, the same hypoxic signal working via HIF1 also leads to transcriptional up-regulation of SUR1 (Bhatta S, Simard JM, unpublished data) and of SUR1-regulated NC Ca-ATP channels (15) . In all of the 12 cases studied, most of the progenitor cells exhibited both HIF1 and SUR1, suggesting that mild hypoxia may be a normal state in GM parenchyma, and that this tissue may be normally "primed" with SUR1. When the NC Ca-ATP channel is expressed in response to an hypoxic stimulus, no adverse functional consequence is expected, as long as intracellular ATP is maintained at sufficient levels (Ͼ30 M) to keep the channel from opening (14) . Under conditions of extreme duress, a normal hypoxic signal may be magnified by one or more ischemic events, leading to more profound hypoxia. Under such conditions, HIF1 activation and SUR1 expression would become more likely, especially in veins (Fig. 2) . Normally, cells of the vascular tree are less likely than parenchymal cells to experience hypoxia, but under conditions of extreme duress, when maximum extraction of O 2 has already occurred from hypoxic blood, venular cells will experience the strongest hypoxic challenge. In the cases we studied, veins generally were less likely to exhibit SUR1 than parenchymal cells, but in cases with GMH, SUR1 expression was reliably found in most veins-the very structures that are believed to be the source of hemorrhage (7, 11) . When ATP is depleted to critical levels, SUR1-regulated NC Ca-ATP channels open, leading to oncotic cell death (13) not only of progenitor cells but also of vascular endothelial cells, thereby further weakening thin walled, structurally compromised veins. In this setting, increased venous pressure would almost certainly cause extravasation of blood from damaged veins. Petechial hemorrhages may enlarge to microhemorrhages or grade 1 GMH, or worse, depending on the severity and extent of GM tissues involved. We believe that this sequence (Fig. 2) , postulating critical involvement of HIF1 and SUR1, accounts for numerous observations and encompasses numerous hypotheses that have been put forth to explain GMH.
Preventing GMH. Available strategies for preventing GMH are limited. Currently, the most effective measures are those that target the respiratory system (22, 23) . Vitamin E, phenobarbital, morphine, ibuprofen, indomethacin, agents that target coagulation, and magnesium/aminophylline have been tried, but are either ineffective or their use remains controversial. In an animal model of GMH, prenatal treatment with angiogenic inhibitors reduces the incidence of GMH (18) , but angiogenic suppression in premature infants would be undesirable, since it could impair lung maturation (24) . Novel treatment strategies are desperately needed to combat GMH. Block of SUR1 using glibenclamide may be such a treatment. Glibenclamide pretreatment in humans is associated with significantly better outcomes from stroke (14, 25) , and constant infusion of drug at doses below those that give hypoglycemia is highly effective in preventing progressive secondary hemorrhage in the CNS (15) . The findings reported here are consistent with the hypothesis that the SUR1-regulated NC Ca-ATP channel may be causally linked to GMH. If corroborated, involvement of the channel would suggest that glibenclamide might be useful in reducing the incidence of this devastating complication of prematurity. Events in the germinal matrix of premature infants. Scheme depicting the reciprocal relationship between O 2 tension on the one hand, and HIF1 activation and SUR1 expression on the other hand. Mild hypoxia, which may be the norm due to the ventriculopetal blood supply, promotes neurogenesis, whereas moderate hypoxia may promote apoptosis resulting in involution of the GM. More severe hypoxia may promote expression of SUR1-regulated NC Ca-ATP channels, which remain inactive until critical ATP depletion is reached (ϳ30 M), at which point the channels open, leading to oncotic death of cells, including endothelial cells, thereby compromising the structural integrity of veins and predisposing to GMH during episodes of venous hypertension.
